Background: Muc2-deficient mice show no signs of ileal pathology but the mechanisms remained unknown. Methods: Wild-type (WT), Muc2 +/2 , and Muc2 2/2 mice were killed at 2, 4, and 8 weeks of age. Total RNA from ileum was used for full genome
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ecreted mucus, antimicrobial proteins, and immunoglobulin A in the lumen play a key role in maintaining intestinal homeostasis by regulating contact between host cells and potentially harmful antigens and microbes. 1, 2 Intestinal mucus is primarily composed of mucin 2 (Muc2), secreted by goblet cells in the epithelium. 3, 4 Glycans of Muc2 were recently shown to confer tolerogenic properties to lamina propria (LP) dendritic cells (DCs) through interaction with a galectin 3-dectin 1-FcgRIIB receptor complex. 5 Muc2 also enhances epithelial expression of B-cell cytokines and trypsin-like serine protease, promoting development of tolerogenic DCs and anti-inflammatory mechanisms contributing to gut homeostasis, possibly through the same receptor complex. 5 Mouse colonic mucus is composed of an inner layer, attached to the epithelium and largely devoid of bacteria, and a less-dense outer layer, containing commensal bacteria and luminal contents. 6 Both mucus sublayers have essentially the same composition, suggesting the outer layer arises from limited specific proteolytic cleavage and volumetric expansion of the inner layer in combination with (partial) consumption by bacteria. 7 The density and stratified organization of the inner mucus layer is proposed to prevent penetration by bacteria, minimizing contact of bacteria and ingesta with the epithelium. The structure and function of small intestinal mucus is less well understood, and it is noticeably thinner than in the colon. 6 Defects in barrier properties of mucus are considered to be contributing factors in patients with inflammatory bowel disease (IBD) with Crohn's disease or ulcerative colitis. In both forms of IBD, the intestinal mucus harbors higher numbers of bacteria than healthy subjects 8 and in patients with ulcerative colitis, the colonic mucus layer is thinner, with a 70% reduction of Muc2 production in active periods of disease. 9, 10 Recently, colonic mucus in an experimental rodent model of colitis and in biopsy samples from patients with ulcerative colitis seemed highly penetrable to fluorescent beads compared with healthy tissue. 11 The diminished barrier functionality of mucus in colitis may be due to structural changes in the sulfation and sialylation of Muc2 oligosaccharides, as was reported in IBD patients. 12 A consequence of defective barrier function is increased contact of bacteria with the epithelium, which triggers inflammatory responses through recognition of microbe-associated molecular patterns, by pattern recognition receptors of the innate immune system, including Toll-like receptors and NOD-like receptors, resulting in inflammatory mucosal cytokine production and increased epithelial permeability. 13 In IBD, a dysfunctional mucus barrier will increase influx of luminal antigens into the LP, leading to innate and adaptive responses to luminal antigens and a perpetuating cycle of inflammation and barrier dysfunction that may be difficult to resolve without therapy. 14 An abnormal composition and decreased diversity of (specific subgroups of) the microbiota is associated with chronic inflammatory conditions, such as IBD. 14, 15 This may be due to the selective targeting of members of the resident microbiota by antimicrobial factors induced by the host inflammatory response, leading to increased abundance of potentially pathogenic bacterial pathobionts in the microbiota.
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Muc2 2/2 mice lack an intestinal mucus layer and develop spontaneous colitis from 4 weeks of age onwards. 16 In these mice, bacteria are found in colonic crypts and in direct contact with epithelial cells. 6 The inflammatory responses in Muc2 2/2 mice before development of colitis have been previously studied in the colon of 2-and 4-week-old mice. 17, 18 Distinct phases were observed in colitis development, which might be related to the expansion of the microbiota after weaning and/or loss of protective factors in mother's milk. The most notable changes observed in Muc2 2/2 mice were the exacerbation of inflammatory gene expression after weaning and a decline in the number of regulatory T cells. 17 None of the previous studies in Muc2 2/2 mice have deeply investigated the effects of Muc2-deficiency in the ileum. Here, we performed transcriptomics, histology, and 16S microbiota profiling on ileal samples from wild-type (WT), Muc2 2/2 , and Muc2 +/2 mice at 2, 4, and 8 weeks after birth with the aim of gaining a better understanding of homeostatic mechanisms, early indicators of gut barrier dysfunction, and the impact of mucus on diversity and composition of microbiota in the ileum.
MATERIALS AND METHODS

Animals
Muc2 2/2 mice with a 129SV background were bred as previously described. 19 Mice were generated from interbreeding Muc2 +/2 mice and genotyped. 19 Mice were housed in a specific 
Experimental Set up
Groups of WT, Muc2 +/2 , and Muc2 2/2 (n ¼ 5 in each group) littermates were housed together with their respective birth mothers until weaning at 21 days and killed at 14, 28, and 56 days postnatal. Ileal tissues were excised and fixed in 4% (wt/vol) paraformaldehyde in phosphate-buffered saline (PBS), stored in RNAlater (Qiagen, Venlo, the Netherlands) at 2208C or frozen in liquid nitrogen and stored at 2808C. Additionally, colonic tissue was collected, fixed in 4% paraformaldehyde in PBS and embedded in paraffin.
Histology
Paraffin sections (5 mm) of ileum were attached to poly-L-lysine-coated glass slides (Thermo Fisher Scientific, Dreieich, Germany). After overnight incubation at 378C, slides were dewaxed and hydrated stepwise using 100% xylene followed by several solutions of distilled water containing decreasing amounts of ethanol. Sections were stained with hematoxylin and eosin (H&E) and Periodic Acid Schiff (PAS)/Alcian blue. 20 Ten morphologically well-oriented crypt-villus regions were randomly chosen per ileal segment, and their length was measured using ImageJ software (National Institutes of Health, Bethesda, MD).
Immunohistochemistry
The slides were deparaffinized, and antigen retrieval was performed by heating the sections for 20 minutes in 0.01 M sodium citrate (pH 6.0) at 1008C. Sections were washed for 3 hours with 3 changes of PBS. Nonspecific binding was reduced using 10% (vol/ vol) goat serum (Invitrogen, Life Technologies Ltd., Paisley, United Kingdom) in PBS for 30 minutes at room temperature. Cell proliferation marker Ki67 was detected by incubating the sections with anti-Ki67 antibody (Abcam, Cambridge, United Kingdom) diluted 1:200 in PBS, 90 minutes at room temperature. Apoptotic cells were identified by staining for cleaved-Caspase 3 expression using an antiCaspase-3 antibody (Abcam) diluted 1:200 in PBS, overnight at 48C.
Detection of Bacteria Using Fluorescence In Situ Hybridization
The slides were deparaffinized with xylene and washed twice in 100% ethanol. The tissue sections were incubated with the universal bacterial probe EUB338 (5 0 -GCTGCCTCCCGTAG-GAGT-3 0 ) (Isogen Bioscience BV, De Meern, the Netherlands) conjugated to Alexa Fluor 488. A "non-sense" probe (5 0 -CGACG-GAGGGCATCCTCA-3 0 ), conjugated to Cy3, was used as a negative control. Tissue sections were incubated overnight with 0. RNA Isolation, cDNA Synthesis, and qPCR Total RNA was isolated using the RNeasy kit (Qiagen) with a DNase digestion step according to the manufacturer's protocol. One microgram of RNA was reverse transcribed using a qScript cDNA synthesis kit (Quanta Biosciences, Gaithersburg, MD) according to the manufacturer's protocol. QPCR was performed on a Rotorgene 2000 real-time cycler (Qiagen) ( Table 1 for qPCR primer sequences). For qPCR 5 mL cDNA (1:20 diluted from cDNA synthesis mixture) was used, together with 300 nmol/L forward and reverse primer, 6.25 mL 2· Rotor-Gene SYBR Green PCR kit (Qiagen) and demineralized water up to a volume of 12.5 mL. QPCR was performed (2 minutes 958C, 40 cycles of 15 seconds at 958C, 1 minute at 608C, and 2 minutes at 608C) on a Rotorgene 2000 real-time cycler (Qiagen).
Raw QPCR data were analyzed using Rotorgene Analysis Software V5.0 (Qiagen, Hilden, Germany). Changes in transcript levels were calculated relative to the glyceraldehyde-3-phosphate dehydrogenase (Gapdh) and hypoxanthine phosphoribosyl transferase (Hprt) genes that were expressed at the same level in WT, Muc2 +/2 , and Muc2 2/2 mice. Reactions lacking reverse transcriptase or template were included as controls in all experiments, and no amplification above background levels was observed. The melting temperature and profile of each melting curve was checked to ensure specificity of the amplification product. For each polymerase chain reaction, amplification of the correct amplicon was verified by sequencing.
Statistics were performed using GraphPad Prism 5.0 software (GraphPad, San Diego, CA). Data shown are the mean values and the standard error of the mean, analyzed with the nonparametric Mann-Whitney test. Differences were considered statistically significant when P , 0.05.
Transcriptome Analysis
Quantity and quality of ileal RNA (5 arrays of individual mice per group) was assessed using spectrophotometry (ND-1000; NanoDrop Technologies, Wilmington, NC) and Bionanalyzer 2100 (Agilent, Santa Clara, CA), respectively. RNA was only used to generate cDNA and perform microarray hybridization when there was no evidence of RNA degradation (RNA Integrity Number .8). One hundred nanogram of total RNA was labeled using the Ambion WT Expression kit (Life Technologies Ltd, Paisley, United Kingdom) together with the Affymetrix GeneChip WT Terminal Labeling kit (Affymetrix, Santa Clara, CA). Labeled samples were hybridized to Affymetrix GeneChip Mouse Gene 1.1 ST arrays. Hybridization, washing, and scanning of the array plates were performed on an Affymetrix GeneTitan Instrument, according to the manufacturer's recommendations.
Quality control of the data sets obtained from the scanned Affymetrix arrays was performed using Bioconductor 21 packages integrated in an online pipeline. 22 Probe sets were redefined according to Dai et al 23 using current genome information. In this study, probes were reorganized based on the Entrez Gene database (remapped CDF v14.1.1). Normalized expression estimates were obtained from the raw intensity values using the Robust Multiarray Analysis preprocessing algorithm available in the Bioconductor library affyPLM using default settings. 24 Differentially expressed probe sets were identified using linear models, applying moderated T-statistics that implemented empirical Bayes regularization of SEs. 25 A Bayesian hierarchical model was used to define an intensity-based moderated T-statistic, which takes into account the degree of independence of variances relative to the degree of identity and the relationship between variance and signal intensity. 26 Only probe sets with a fold change of at least 1.2 (up/down) and P value ,0.05 were considered to be significantly different. Pathway analysis was performed by Gene Set Enrichment Analysis (GSEA) 27, 28 and visualized in Cytoscape (http://www.ncbi.nlm.nih.gov/pubmed/20656902).
Bacterial DNA Extraction and Microbiota Profiling
Except for 2-week-old mice, which appeared to lack sufficient luminal content to allow sampling, the contents of the 29 16S rRNA gene amplification, in vitro transcription and labeling, and hybridization were carried out as described previously. 30 The data were normalized and analyzed using a set of R-based scripts in combination with a custom-designed relational database, which operates under the MySQL database management system. For the microbial profiling, the Robust Probabilistic Averaging signal intensities of 2667 specific probes for the 94 genus-level bacterial groups detected on the MITChip were used. 31 Diversity calculations were performed using a microbiome R-script package (https://github.com/microbiome). Multivariate statistics, redundancy analysis, and principal response curves were performed in Canoco 5.0 and visualized in triplots or a principal response curves plot.
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Ethical Considerations
Animal care and procedures were in compliance with the guidelines of the Animal Ethics Committee, Erasmus MC (Rotterdam, the Netherlands).
RESULTS
Muc2 2/2 Mice Lack Secreted Mucus and Muc2-positive Goblet Cells
From 4 weeks of age, colitis was observed in proximal colon in Muc2 2/2 mice (Fig. 1A) . Alcian blue staining was used to identify acidic carbohydrates like Muc2 and PAS for neutral carbohydrates. PAS-positive and combined PAS-Alcian blue-positive goblet cells were observed in the ileum of WT and Muc2 +/2 mice. In contrast, goblet cells in Muc2 2/2 mice only stained positive for PAS (Fig. 1B) .
Immunohistochemistry revealed the presence of Muc2-positive goblet cells in WT and Muc2 +/2 mice, and the absence of such cells in Muc2 2/2 mice (Fig. 1B) . Ileal Muc2 messenger RNA (mRNA) expression was absent in Muc2 2/2 mice but was not significantly different between WT and Muc2 +/2 (Fig. 1C) . Similar numbers of Muc2-stained goblet cells were detected in Muc2 +/2 and WT mice (Fig. 1B) . These observations confirm the Muc2 mutation phenotype in the ileal region of the intestine.
Increased Epithelial Cell Proliferation Is Observed in Muc2 2/2 but not Muc2 +/2 Mice Muc2 2/2 mice developed colitis after about 4 weeks, but the ileum lacked any signs of mucosal damage, such as superficial erosions. In the ileum, there were no apparent differences in overall morphology of the epithelium in Muc2 2/2 , Muc2 +/2 , and WT mice at 2 weeks but from 4 weeks the villi of Muc2 2/2 mice were significantly (P , 0.05) longer (but not the crypts) (260 6 6.6 mm compared with WT and Muc2 +/2 , 200 6 6.2 mm) ( Fig. 2A) . Ki67-staining revealed epithelial hyperproliferation in ileal crypts of Muc2 2/2 compared with WT mice at week 2 (Fig. 2B ). There were no apparent differences in numbers of caspase 3-stained epithelial cells in ileum from Muc2 2/2 and WT mice (Fig. 2B) . Taken together, this indicates that the elongated villi observed at weeks 4 and 8 in Muc2 2/2 mice were due to increased epithelial cell proliferation.
Muc2 Limits Contact of Bacteria with Ileal Epithelium
As the mucus barrier has been proposed to play a role in restricting direct contact between the microbiota and the mucosa, we stained bacteria in situ using fluorescence in situ hybridization and measuring the average distance between bacterial cells and the mucosal surface. In WT mice, a distance of approximately 50 mm was measured between the microbiota and the top of the ileal villi (Fig. 3A) , corresponding to the thickness and position of the mucus layer in healthy Carnoy'sfixed ileal tissue (not shown). In the ileum of Muc2 2/2 mice, the microbiota are more frequently observed in contact with epithelial surfaces than in WT (Fig. 3B) , confirming the microbiota barrier function of Muc2 in the ileum.
Mucus Plays a Role in Shaping the Microbiota Composition, Diversity, and Richness
To investigate the impact of Muc2-deficiency on the colonization pattern of the ileum, 16S DNA microbiota profiles of ileal content from 4-and 8-week-old WT, Muc2 +/2 , and Muc2 2/2 mice were determined using the MITChip microarray. 29 At 4 weeks, the ileal content of Muc2 2/2 mice displayed a significantly higher microbial diversity than WT mice (P , 0.05) because of increased richness in bacterial taxonomic units (Fig. 4A, B) . The richness of the microbiota samples from Muc2 +/2 mice was also significantly higher than WT mice at 4 weeks (Fig. 4B) . However, at week 8, the microbiota diversity and richness was similar in all groups of mice (Fig. 4B) . Nevertheless, redundancy analysis clearly established that both at weeks 4 and 8, the microbiota composition clustered according to the host's genotype (Fig. 4C, D) . At week 4, the variance between microbiota of WT and other groups of mice was partly explained by higher abundance of a range of different microbial groups (Fig. 4C ). This could be an indication that in WT, there is an initial colonization by a more constrained group of bacteria that reached higher abundance in the WT mice compared with the other groups of mice. In the Muc2 +/2 and Muc2 2/2 groups, however, there is only 1 genus-like group, Bryantella spp. that was more abundant in the Muc2 2/2 group (Fig. 4C ). This lack of multiple microbial groups with higher abundances in the Muc2 +/2 and Muc2 2/2 mice could be an indication of colonization with a higher number of different microbial groups albeit at low relative abundance per group. The idea that Muc2 +/2 and Muc2 2/2 mice are colonized by many, low abundance species at week 4 is supported by the richness calculation showing that Muc2 +/2 and Muc2 2/2 have higher bacterial diversity than WT mice (Fig. 4B) .
In adult mice (week 8), the redundancy analysis revealed specific differences between the microbiota of WT mice and the Muc2 +/2 and Muc2 2/2 mice, which was mainly associated with higher relative abundances of Desulfovibrio spp, Escherichia coli, L. salivarius, and Turicibacter et rel in WT mice, and higher relative abundances of Lactobacillus plantarum et rel. and A. muciniphila in Muc2 +/2 and Muc2 2/2 mice (Fig. 4D) . In the principal response curves over time, the microbiota community displayed more overall similarity in adult animals (week 8) as compared with those at the early weaning stage (week 4) (not shown).
Muc2-deficiency Specifically Alters Expression of Numerous Immune, Metabolic, and Cellcycle Control Pathways in Ileum
The number of differentially expressed genes in ileum of Muc2 2/2 , compared with WT, was around 10-fold higher at 4 weeks than at weeks 2 and 8. Interestingly, a similar pattern is also visible in the Muc2 +/2 mice, although at week 4, the number of differentially regulated genes was less than in the Muc2 2/2 (not shown).
GSEA, using the differentially expressed ileal genes as input, was used to identify significantly modulated gene networks in the different genotypes. In the ileum of Muc2 2/2 mice, specific immune-related gene sets were repressed at weeks 2, 4, and 8 FIGURE 1. Representative pictures of H&E staining, Muc2-specific staining, and PAS/AB-staining of proximal colon of WT and Muc2 2/2 (A). Representative pictures of Muc2-staining and PAS/AB-staining in ileum of WT (top panels), Muc2 2/2 (lower panels) and heterozygote (Muc2 +/2 , middle panels) mice at 8 weeks of age (B). Relative Muc2 mRNA expression in the ileum determined by qPCR. *P , 0.05, **P , 0.01 (C).
compared with their WT counterparts, including Toll-like receptor-, immune-, and chemokine-signalling (Fig. 5A, B) . Conversely, gene sets involved in mitosis, cell-cycle control, and oxidative phosphorylation were induced in Muc2 2/2 compared with WT mice at all time points (Fig. 5A, B) . Notably, at week 8, but not week 4, adaptive immune response pathways were repressed in Muc2 2/2 mice compared with wild-type mice (Fig.  6B) . At both weeks 4 and 8, lipid metabolism pathways were repressed in Muc2 2/2 (Fig. 5A, B) .
Further analysis using Ingenuity highlighted that the highest upregulated genes at week 2 were Fucosyltransferase 2 (Fut2), Metalloproteinase-7 (Mmp7), and Reg3g. Later on, Serum Amyloid A1 (Saa1), Fucosyltransferase 2 (Fut2), and Resistin-like b (Relmb), Beta-1,3-galactosyltransferase 5 (B3Galt5), and the IL-22-induced proproliferative gene Pla2g5 were the highest significantly increased genes in Muc2 2/2 at weeks 4 and 8 (not shown).
To gain more insights into the processes affected in the heterozygote Muc2 +/2 mice compared with the WT, we also performed GSEA to identify the most significantly affected processes (Fig. 5C, D) , although Muc2 +/2 and Muc2 2/2 mice appeared to have many differentially expressed genes in common. For example, gene sets associated with cell cycle and metabolic functions were consistently upregulated and downregulated, respectively, in both the Muc2 +/2 and Muc2 2/2 mice compared with the WT at each time point. However, comparative analysis identified considerable differences between the Muc2 +/2 and Muc2 2/2 mice in comparison with the WT, which was clearly exemplified by the immune system-related gene sets that were upregulated at all time points in the Muc2 +/2 compared with the WT, whereas they were consistently downregulated in the Muc2 2/2 relative to the WT (Fig. 5) . Interestingly, the heterozygote mice also significantly overexpressed (but with lower fold changes) the genes that were expressed at the highest fold-change levels in the Muc2 2/2 mice at weeks 4 and 8, such as Saa1, Fut2, and Relmb (not shown).
Additionally, to confirm the data observed in the transcriptomic analysis, qPCR were done on specific genes involved in inflammation (IL-1b), innate immunity (Reg3b and Reg3g), and fucosylation (Fut2). We showed that Reg3b and Reg3g mRNA levels were significantly increased in Muc2 2/2 at weeks 8, compared with WT and Muc2 +/2 (Fig. 6A, B) . Fut2 mRNA levels were strongly increased in Muc2 2/2 at weeks 4 and 8 (Fig.  6C) . IL-1b mRNA levels were not significantly different in any of the groups at week 8 (Fig. 6D) . Those data are in line with the transcriptomics data previously described.
IL-22 Pathway Plays a Key Role in Maintaining the Homeostasis in the Ileum of Muc2 2/2 Mice
The IPA Upstream Regulator Analysis enabled us to identify the cascade of upstream transcriptional regulators that can explain the observed gene expression changes in the ileum of Muc2 2/2 mice. Many upstream transcriptional regulators were activated or inhibited in Muc2 2/2 mice at each time point, although only a few were connected to immune responses.
Among the upstream regulators, IL-22 was identified as playing a central role in the activation of gene expression at weeks 2 and 4 in the Muc2 2/2 mice (Fig. 7) . Notably, IL-22 is produced by activated DCs and type 3 subset of innate lymphoid cells after sensing bacteria and initiates protective innate immune responses against bacterial pathogens especially in epithelial cells. 33 Therefore, increased IL-22 signalling could explain the upregulation of innate immunity-related genes like Reg3g, Saa1, Fut2, and Relmb at weeks 2 and 4 in Muc2 2/2 mice (Fig. 7) . This is consistent with our finding that expression of IL-22ra2, a secreted soluble antagonist of IL-22 signalling was decreased in Muc2 2/2 mice. Moreover, proproliferative factors, such as Myc, were also potentially controlled by the IL-22 signalling pathway at week 2 in the Muc2 2/2 mice, which correlates with the observed hyperproliferation (Ki67-positive cells) at this time point.
DISCUSSION
Muc2 is the major secreted intestinal mucin and in its absence was previously shown to cause colitis in mice. 16, 17 We confirmed that after 4 weeks, Muc2 2/2 mice develop colitis evidenced by increased thickness of the mucosa associated with hyperproliferation, apoptosis in crypts, ulceration accompanied by fecal blood, and weight loss. 16, 17 These histological changes are characteristic of murine models for IBD and clinical symptoms of IBD in humans. To date, the effect of Muc2 2/2 or Muc2 +/2 genotypes on small intestinal physiology and microbiota have not been described in detail. Therefore, our aim was to investigate how the small intestine responds to complete (Muc2 2/2 ) or partial (Muc2 +/2 ) mucus-barrier defects as it might reveal crucial differences in ileal homeostatic mechanisms.
Deletion of Muc2 was not compensated by expression of other secreted mucins Muc5B, Muc5AC, or Muc6 in the ileum (results not shown). In contrast to the colon, the ileum of Muc2 2/2 showed no histological signs of tissue damage, the only noticeable morphological difference being an increased length of Few genes associated with inflammation, such as Mip-1a (Ccl3), Tnf-a, and Ccl17 were upregulated in ileum of Muc2 2/2 compared with WT. Eight genes of the mouse orthologs of human IBD-related genes, 34 i.e., IL6ra, IL22ra1, Ccl2, Cxcl1, Timp1, S100a6, S100a13, and Abcb1a were differentially expressed. In contrast, 12 of the 32 IBD-related genes were upregulated in colon of both Muc2 2/2 and Muc2 +/2 mice at weeks 4 and 8 (not shown). Interestingly, one of the strongly downregulated genes in the ileum was Tlr5, which induces NF-kB activation upon binding of bacterial flagellin. Indeed, downregulation of Tlr5 in colitis has been observed and may be a feedback response to low-level inflammation. 35 Furthermore Nfap, a transcriptional activator of NF-kB, was downregulated, whereas Ikb, an NF-kB inhibitor that binds to cytosolic NF-kB to prevent nuclear translocation, was among the most strongly upregulated genes. This apparent repression of innate inflammatory signalling through repression of NF-kB signalling may have contributed to preventing immune-mediated pathology in ileal mucosa of Muc2 2/2 . In contrast, innate defense genes encoding antimicrobial Defb46, Reg3b, and Reg3g were expressed at significantly greater amounts in Muc2 2/2 than in WT mice.
In contrast to WT, bacteria in the ileum of Muc2 2/2 mice were frequently found in direct contact with the epithelium. However, the expression of innate gene sets except for Reg3 and defensins was less in the Muc2 2/2 mice than in WT, given the results of our extensive GSEA analysis. This supports the notion that innate responses were suppressed in the ileum of Muc2 2/2 mice compared with WT, possibly through a regulatory feedback mechanism. One plausible explanation for reduced expression of innate pathway genes could be the relatively high amounts of Reg3g and Reg3b expressed in the Muc2 2/2 mice. Incubation of mucosa from active Crohn's disease with the human ortholog of Reg3b (HIP/PAP) was shown to reduce proinflammatory cytokines secretion. 36 Furthermore, PAP prevented TNF-a-induced NF-kB activation in monocytic, epithelial, and endothelial cells and reduced proinflammatory cytokine mRNA levels and adhesion molecule expression. 36 Moreover, antisense blocking of PAP expression in a rat model of acute pancreatitis increases severity of inflammation. 37 In endothelial cells, purified human HIP/PAP decreased expression of surface receptors involved in leukocyte recruitment suggesting that HIP/PAP might dampen inflammatory responses by inhibiting leukocyte recruitment into the intestine. 36 These findings support the idea that Reg3 proteins have anti-inflammatory activity and their upregulation participates in protection of epithelial cells in response to excessive inflammatory stimuli. Downregulation of NF-kB and inflammatory pathways in the ileum of Muc2 2/2 mice, which express high amounts of Reg3b and Reg3g, is reminiscent of the effects of IL-10, an anti-inflammatory cytokine, triggering expression of suppressor of cytokine signalling through the JAK/STAT pathway. This hypothesis is supported by previous studies showing that purified human PAP inhibits the NF-kB pathway through JAK/STAT signalling in epithelial cells. The anti-inflammatory mechanism of PAP (Reg3b) on NF-kB-driven inflammatory pathways is shown as a dotted line as it has only been described for human colonic tissue and the precise mechanisms are not known. We speculate that IL-22 might also regulate FUT2 (shown as a dotted line). Mucus is indicated in blue, fucosylation is indicated in pink. IEL, intraepithelial lymphocytes; AMPs, antimicrobial peptides; SOCS3, suppressor of cytokine signalling 3.
At week 8, both Reg3 genes were significantly upregulated in the ileum of Muc2 2/2 mice and in the ileum of Muc2 +/2 mice at week 4. Expression of Reg3 proteins was also increased in the colon, but the overall amount of transcription in colon was much lower, as shown previously. 39 Expression of Reg3 proteins is induced during infection or inflammation 40 and is dependent on IL-22 signalling. 41 This is consistent with our finding that expression of IL-22ra2, a secreted soluble antagonist of IL-22 signalling 39 was decreased in Muc2 2/2 mice. Apart from its role in stimulation of epithelial cells to produce antibacterial proteins, IL-22 regulates cellular stress response, apoptosis, and wound healing pathways in intestinal epithelial cells through the signal transducer and activator of transcription 3 (STAT3) pathway. 42 Notably, STAT3 activation induces expression of IL-6, which promotes epithelial survival and proliferation, 43 which may explain the increased proliferation and villus length in the Muc2 2/2 ileum. Moreover, mRNA encoding Pla2g5, which is induced by IL-22 and stimulates proliferation in intestinal epithelial cells was strongly upregulated in Muc2 +/2 and Muc2 2/2 at weeks 4 and 8. Interestingly, expression of the IL-6 receptor was also increased in ileum of Muc2 +/2 . Another highly upregulated gene in the ileum at weeks 4 and 8, both in Muc2 +/2 and Muc2 2/2 was Fut2. The Fut2 gene, encoding an a-1,2-fucosyltransferase responsible for enzymatic linkage of a-1,2-linked fucose to cell membrane attached and secretory mucins of the intestinal mucosa, 44 was significantly upregulated in the ileum of Muc2 2/2 at week 8. It has been shown that at weaning, when the transition toward adult-type colonization by microbiota occurs, Fut2 mRNA is increased leading to expression of fucosylated epitopes in the colonic epithelium and fucose decoration of mucins. [45] [46] [47] [48] This may be a mechanism to promote colonization by preferred groups of symbionts that produce beneficial short-chain fatty acids and provide colonization resistance against pathogens. LP innate lymphoid cells 3 were recently shown to produce IL-22 through sensing of bacteria by an unknown mechanism 33 leading to increased expression of Fut2 and Reg3 proteins. This is consistent with our observation of increased bacterial contact with the epithelium in Muc2-deficient mice (Fig. 3 ) and the IL-22-mediated effects on epithelial expression and proliferation reported here.
Mucus directly or indirectly played a role in shaping the microbiota composition, diversity, and richness with the greatest effect immediately preceding weaning but becoming more similar to that of WT in adult mice. This may be due to the ability of specific members of the microbiota, such as Akkermansia muciniphila, to colonize the mucus and use the mucus-associated glycans as a carbon source for growth. 49 The syntrophic interactions between mucus degraders and other bacteria in the small intestine are poorly understood, but could explain differences in composition between WT and mice lacking Muc2. The significant up-regulation of Reg3 proteins in Muc2 2/2 mice could also shape the composition of the microbiota through selective inhibition or killing of specific bacterial species.
In summary, we propose a key role for the IL-22/STAT3 pathway in maintaining homeostasis in the ileum as a consequence of loss of mucus barrier (Fig. 8) . This model is consistent with previous studies reporting increased expression of Reg3b and Reg3g 41 and stimulation of epithelial regeneration through STAT3 induction of pro-proliferative genes. For example, Pla2g5, which is induced by IL-22 and induces proliferation in intestinal epithelial cells 50 was strongly up-regulated in Muc2 +/2 and Muc2 2/2 mice at week 4 and 8. IL-22-induced STAT3 signalling in epithelial cells may also explain the increased expression of other protective factors such as Defb46 and Fut2. Toll-like receptor chemokine and innate pathways were down-regulation of in the ileum of Muc2 2/2 mice compared to WT which may be due to the protective effects of Reg3 proteins including anti-inflammatory signalling, 38 capacity to bind soluble microbe-associated molecular patterns and direct antimicrobial activities. 51 IL-22 is constitutively expressed in the small intestine by innate and adaptive cells including TCRgd T cells and DCs, which can encounter bacteria at the epithelial surface. These findings support the notion that IL-22 might be an attractive target for therapy of intestinal inflammation.
